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Anomalous couplings

e Search for anomalous HVV couplings in production-and

decay in the chargmel Y w2
» Kinematics of T \
* New: kinematics of jets from vy a ‘
and VH production 7 A
r;rr --t--------'t? | | H

e Use matrix element (MELA) discriminants
* optimally select and VH events
» optimally separate different contributions to the amplitude

* Combine with Run 1 CMS analysis
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* Whatis it?

* How does it interact with other particles?


https://doi.org/10.1103/PhysRevD.92.012004
https://cds.cern.ch/record/2256357
https://cds.cern.ch/record/2256097

4 CMS&ATLAS results =f

fao

Run 1: exclude spin 1 and 2
Set limits on spin O

anomalous couplings
CMS

* Study of the mass and spin-parity of the Higgs
boson candidate via its decays to Z boson pairs
CMS-HIG-12-041, arXiv:1212.6639

* Measurement of the properties of a Higgs
boson in the four-lepton final state
arXiv:1312.5353, CMS-HIG-13-002

* Constraints on the spin-parity and anomalous
HVV couplings of the Higgs boson in proton
collisions at 7 and 8 TeV arXiv:1411.3441, CMS-
HIG-14-018

* Limits on the Higgs boson lifetime and width
from its decay to four charged leptons
arXiv:1507.06656, CMS-HIG-14-036
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E» cted at 95% CL
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ATLAS

* Evidence for the spin-0 nature of the Higgs
boson using ATLAS data ATLAS arXiv:1307.1432

* Study of the spin and parity of the Higgs boson
in diboson decays with the ATLAS detector
ATLAS arXiv:1506.05669

* Test of CP Invariance in vector-boson fusion
production of the Higgs boson using the
Optimal Observable method in the ditau decay
channel with the ATLAS detector ATLAS
arXiv:1602.04516

* Combined search for anomalous pseudoscalar VV PrOdUCtion (decay to ff)

HVV couplings in VH production and H to VV
decay arXiv:1602.04305, CMS-HIG-14-035

* Measurements of properties of the Higgs boson
and search for an additional resonance in the
four-lepton final state at Vs = 13 TeV, CMS-PAS-
HIG-16-033

* Constraints on anomalous Higgs boson
couplings in production and decay H—->48€, CMS-

PAS-HIG-17-011 . .
This analysis

* Measurement of inclusive and differential cross
sections in the H - ZZ* - 4l decay channel at
13 TeV with the ATLAS detector ATLAS-CONF-
2017-032

Run 2 results
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Kinematics

* For a given myy, four-fermion system  Yeciorbosen fusi/
in production or decay is defined by:

* 5angles
* Two gy, of difermion systems

* For the production+decay: two
HVV vertices

— Higgs decay to 4f
* 13 independent observables remain \




g
HVV amplitude “““ﬁ/

V \\\\H V
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dv,+av % % H
« A(HVV)~|alV + (;‘{V)ZZ mg ey €5, + 7
) *(1) *x(1) Fx
agV IMS )f (2),uv 4+ a13/V 'mg )]c (2),uv
c VV =ZZ, WW, Zy, vy H
* SM, tree level: af? = a'¥"V = 2, others = 0

e Assume a?* = a}'", call it “a;”

e Assume no g2 cutoff for anomalous couplings

Z
* Measure a,, as, Al,Aly
. afg’w are already constrained from onshell photons
' : . : la;|?o;
* Parameterize as fractional cross section f,;; = ——
Zj|aj| Oj

and relative phase ¢,; = arg (&)

a4



Tools

 JHUGen

* Generate samples with arbitrary couplings
* 99/qq —» X = ZZ/WW — 4f for X spin0, 1,2
* VBF, VH, ggH with 0, 1, or 2 QCD jets, ttH, bbH, tqH

* MELA—Matrix Element Likelihood Approach

* Matrix element calculations

* JHUGen for signal
* MCFM for background

* Calculate discriminants to distinguish hypotheses
* Reweight generated samples to different hypotheses



Contributions

* Background

*qq/99 = ZZ
e /+ X
* Signal
* ggH,VBF, VH, ttH
« HVV couplings in decay

 HVV couplings in production and decay
 SM, anomalous, and interference contributions

* Want to isolate each component to constrain couplings

7 or 13 kinematic observables (+m,, for bkg separation)
* too many to use them all



Discriminants

* Two basic types of discriminants:
Psig

PsigtPalt

e Optimal to distinguish pure SM signal from alternate hypothesis

* Alternate hypothesis could be background, another coupling model, or
another signal production mode

_ Pint
* Dint — _
PsigtPalt

* Together with D,;;, optimal to also isolate the interference contribution

* Dgie =

* Dsigr Pait, Pint are calculated through MELA using matrix
element probabilities
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Discriminants 1

. DVBF/ZH/WH B
2jet o

e Separate associated production from

QCD jets

PVBF/ZH/WH

PvBF/ZH/WHTPHjj

* \V/BF-jet category:

VBF,SM
« Dy > 0.5

* VH-jet category:

VBF,BSM

DM > 050r DY M > 0.5

2je

WH.SM WH,BSM
or Dzjet > 0.50r DZjet > (0.5

* Untagged category:

* Everything else

* Use ijl-ve’t and D

BSM
2jet

for both extreme hypotheses

Events / 0.1

Events / 0.1

to get optimal separation
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Discriminants 2 N S
of I ] ]
e Use 3D templates to ;
parameterize the signal and :
baCkground for eaCh %80 10 200 300 400 500 nzzo(Gzci/o)
Category eo(—:MS.P.reﬁm”.m./. N\ lssl.srb*lﬁslnle\ﬁ
i ¢ Obgerved
° — tofl SM
Dbk‘g’ ’ " Ao ovH S\
] RIS tal f_, = 1
* Dpgg = L -~/ VBFH £y = 1
9 DsigtPbig 40 22/7y" 7

Z+X
e Used for all 3 categories

* m,, + decay kinematics

Events / 0.05




Events / 0.05

Discriminants 3

* Dy =

» Tagged categories: use productionXdecay probabilities
e Untagged: use decay probabilities only

) Dai)

Psig

PsigTPai

* Example: Dy_ for the f 3 analysis
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Events / 0.05

Discriminants 4

* Dint =

’ Dint

Pint

PsigtPalt

* Tagged categories: use production probabilities

* Untagged: use decay probabilities

n
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Likelihood fit R

* Assume real couplings, ¢,; = 0orm

* ggH, only one HVV vertex: |70 1 /%g
- H a a1 O;
* p(fai;-Q) H \%
~|a1A1 + al’Ai 2 ,
— a; N a: .
~ TO(Q) + |[—| cos ¢ Tl(Q) + |— TZ(Q)
aq aq

* VBF or VH, two HVV vertices
* p(fai;-(_i)

2
~| (@A + ;A7) (a, 495 + ;A7)

i |
j=0

a; . —
L coslpun(@ v v
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* Want to decouple ratios of couplings f,; from the
signal strengths u;

* Allow signal strength for production via fermion
couplings 11+ and boson couplings 1/, to float
independently

e Constrained by category distribution of events

Vi 4 /\r/ v
H oo
V V 174 o v
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Event distribution

* First number is for SM, (second) is for f,3 = 1
* Use categorization for f,3 analysis, others are a bit different
* (In particular, fewer observed events in VBF-jets)

VBF-jets VH-ets untagged 2015
VBF signal 24(16) 0.1(0.1) 22(0.3) 0.4(0.2)
ZH signal 0.1(0.2) 03(.5) 0.7(1.00 0.1(0.1)
WH signal 01(0.3) 03(1.0)0 08(22) 0.1(0.3)
gg — Hsignal 3.2(3.3) 19(20) 49.6(494) 4444
ttH signal 0.1(0.1) 0.0(0.0) 0.5(0.6) 0.0(0.1)
qq — 4/ bkg 0.9 1.1 56.3 52
gg — 4/ bkg 0.1 0.1 5.5 0.5
VBF/VVV bkg 0.1 0.0 0.4 0.0
Z+XDbkg 3.6 2.0 29.1 1.7
Total expected 10.7 5.8 145.2 129
Total observed 11 2 145 11
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Results

e Scans for each
parameter

e 13 TeV only, and
combination
with Run 1 result
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* 1D projections help to explain =10
g9 P

* Small excess of events at smaller o - |
3F E
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* Minimum away from O e

0_ ......
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Events / 0.05

20

15

More details: f,3

 VBF and VH are sensitive to

very small f,3

* Once f,3 = 0.01, more
favorable to set uy, —» 0
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Hy

e Observe fewer

VBF and VH events

than expected
* Best fit uy for
fai =0is< 1
(values on plots)
» Narrow minima
not as deep as
expected

5.11b" (7 TeV) + 19.7 o (8 TeV) + 38.6 fb” (13 TeV)

5.1 16 (7 TeV) + 19.7 fo! (8 TeV) + 38.6 ib™ (13 TeV)
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0.267032 [—0.40,0.79)

0000010
000073 22
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More details: f 3

e Animations: each frame uses
the best fit yy, and s

Events / 0.05

VBF/VH

.fa3

are the cross section

fractions for those processes

* Watch what happens when

fas S 0.01

CMS Preliminary 38.6fb" (13 TeV)
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c r

- ----- Expected
served, 13 TeV A
Summar N
—10E

. . < F
* Constrain anomalous HVV couplmgsw *

e Decay information: 4 X more data
than in Run 1 O_z‘.‘ \

* Production information: expected 1o exclusion of
small f,; values, observation falls a little short

* By the end of Run 2: expect production information

to glve narrow 20 I|m|ts
//W//

______________________________________________________________
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Categorization
. DVBF/ZH/WH _ PVvBF/ZH/WH
2jet PVBF/ZH/WHtPHjj

e Separate associated production from QCD jets

* \V/BF-jet category:
* exactly 4 leptons
e 2 or 3 jets with at most one btag, or = 4 jets with no btag

+ DYEESH 5 0.5 or DYERESH 5 05

* VH-jet category:
* exactly 4 leptons
* 2 or 3 jets with at most one btag, or = 4 jets with no btag

. DZZJ-Z’fM > 0.5 or ijg’fSM > 0.50r D%ft’SM > 0.50r DZZ’BSM > 0.5

* Untagged category:
* Everything else

» Use D[, and D7)/ to get optimal separation for both

extreme hypotheses
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Discriminants table

category VBEF-jet VH-jet Untagged
target qq'VV — qq'H — (jj) (4¢) qq — VH — (jj)(4¢) H — 4/
selection D;}?Ef or D‘z‘;eBtF'BSM > 0.5 D%-Et or DEVPM or not VBF-jet
DY or DM > 0.5 not VH-jet
fa3 obs. Dbkg: DE F—HLEC; D&FF Dbkg; 'DST +dec’ Dg Dbkg: ng EC, Dg}g,c
VBF+d VBF VH+d VH d d
faz obs. Dixgr Dojy "+ Ping Droxg: Popy ™+ Din Dhig Dpjsr Dine
VBF+d VBF+d VH+d VH+d
fa1 obs. Dbkgf Dy T, 1':)01:;r - Dbkgf Dy e Dcm;r - Dbkgf Dificr Dgfi
Ly Z7y ,VBF+dec VBF+d Zy, VH+dec VH+d Zy,dec d
fa1 obs. | Dyxg, Dy ' Doy | Pokgr D ' Doy ™ | Dokgr Dp1” + Dt
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* g gives same kinematics, different mass shape

e Search from offshell region
* Limits assume I’y = 4.1 MeV
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